In this paper we analyze a dark matter model inspired by theories with extra dimensions. The dark matter candidate corresponds to the first Kaluza-Klein mode of an real scalar added to the Standard Model. The tower of new particles enriches the calculation of the relic abundance. For large mass splitting, the model converges to the predictions of the inert singlet dark matter model. For nearly degenerate mass spectrum, coannihilations increase the cross-sections used for direct and indirect dark matter searches. Moreover, the Kaluza-Klein zero mode can mix with the SM higgs and further constraints can be applied.
Introduction
Despite of observational and theoretical efforts the nature of dark matter remains unknown.
Its existence, if confirmed, establishes the need, besides neutrino mass, for physics beyond the standard model. However, until now we have only hints for its existence. Many extensions of the standard model of particle physics provide new candidates that are consistent with dark matter. Some of these models arise from theories formulated to address others problem in particle physics, for instance the hierarchy problem and the strong CP problem, and more recently neutrino mass.
A very popular class of dark matter candidates stands for weakly interacting massive particles (WIMPs) [1] . Along this line of reasoning, a widely studied WIMP is the neutralino that comes from the minimal supersymmetric standard model (MSSM) [2] . The neutralino dark matter is stable due to R-parity conservation and constitutes a typical and very well studied WIMP candidate. Also, the solution of the strong CP problem via Peccei-Quinn mechanism [3] requires a new dynamical scalar field with appropriate charges that gives rise to axion as a new particle [4] [5] [6] . The axion is a pseudo-scalar particle that can be a dark matter candidate due to non-thermal production in the early universe [7, 8] .
In the context of beyond the standard model physics, extra dimensional theories appeared as an alternative to other more popular scenarios aforementioned. In recent years, extra dimension models have been proposed to solve several problems in particle physics like the hierarchy problem [9] [10] [11] . More recently, many realizations of models with extra dimensions have been applied to dark matter problem [12, 13] (see also [14, 15] ). Among many dark matter extra dimensional models, the most usual realization is based on the universal extra dimension (UED) in which all the standard model particles propagate in a flat extra dimensional space [16] . In these models, interactions in the bulk do not violate momentum conservation along the extra dimension which implies the conservation of Kaluza-Klein (KK) number at tree level. Also, all of the couplings among the standard model particles arise from bulk interactions. The stability of the lightest Kaluza-Klein particle (LKP) is a result of a remnant discrete symmetry called KK parity that arise after breaking translational invariance due to fixed points in the orbifold compactifications [17] . Since KK parity conservation ensures that the lightest Kaluza-Klein particle is stable it can be a suitable WIMP candidate [12, 13] . As Kaluza-Klein particles are naturally degenerate around a mass scale set by inverse of the compactification scale radius, the effect of coannihilations become important. As shown in [12, 18] the effect of coannihilations with KK states is to provide a small annihilation cross section that can be translated to an increase in the relic abundance of LKP.
In this work we propose a model based on flat extra dimension that is different from the UED model in the field propagation. We assume that all the standard model particles are confined to a 3-brane and only a singlet scalar (and gravity) can propagate in the whole space. Also, we consider that the singlet scalar interacts only with the Higgs field via the scalar potential. This is a phenomenological setup aimed to address the effects of a single KK tower. The stability of the first nonzero state of the KK tower associated to the singlet scalar is ensured by a remnant U(1)-like symmetry that arises after integrating over the extra dimension. The first nonzero KK particle will be our dark matter particle. We investigate the impact of the bulk singlet scalar for indirect and direct detection of dark matter.We calculate the annihilation cross section and spin independent cross section including coannihilation as a function of dark matter mass. Also, we show that annihilation and spin independent cross sections of dark matter undergo an increase when we include coannihilation. We include in our results for annihilation cross section bounds from FERMI-LAT [19] , MAGIC [20] and HESS [21] and for spin independent cross section bounds from XENON100 [22] , LUX [23] , CDMSlite [24] , CRESST [25] , and DAMA/LIBRA [26] .
The paper is organized as follows. In the section 2 we introduce the flat extra dimension framework that we are considering in this paper. Section 3 is dedicated to the description of the singlet scalar in the extra dimension formalism. In section 4 we discuss the coannihilations formalism that is relevant for calculations of dark matter relic density. Our results are presented in the section 5.
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General aspects of extra dimensions
One of the main motivations for the interest in extra dimensional models comes from the possibility to address in an alternative way the hierarchy problem of the standard model of particle physics [9] [10] [11] . However, in the course of their development extra dimensional theories have shown that they can address others problems in particle physics such as symmetry breaking [27] , mass and mixing of fermions [28] , and they can provide a natural candidate to dark matter [16] .
The modern theory of extra dimensions are based on the concept of the braneworld where we can think that our (3+1)-dimensional world is associated to a 3-dimensional membrane or simply 3-brane. Extra dimensional models can be classified in two different groups that depend of the geometry. The first group is called factorizable geometry or flat extra dimension. Inside this group we have three main models that differ in the fields propagation.
The first one is called large extra dimension (LED) [9] where only gravity propagates in the whole space and the standard model fields are confined to a 4-dimensional spacetime. In this model the size of compactified dimension can be large as 10 −3 m. In the TeV model 1 [30, 31] The second group we will mention is based on a non-factorizable geometry or warped extra dimension (WED) and its variants [10, 11] . As in the factorizable models the WED scenarios can provide a plethora of new models that differ in the field propagation. In this work we are interested in a modified version of the flat large extra dimensions that we will discuss in the following.
The modified large extra dimension framework
As mentioned above, in theories with large extra dimensions (LED) it is assumed that the standard model fields are confined to a 4-dimensional brane, while the gravitational field propagates in the 4 + α space-time, where α denotes the extra flat spatial dimensions. In order to solve the hierarchy problem the fundamental scale is generally considered to be close to the electroweak scale and is related with Planck scale by
where M P l(4) is the 4D Planck scale, M F S is the fundamental scale in the LED model and V α is the volume of extra spatial dimensions.
One important aspect of extra dimensional models are their dependence on the geometry of the inner space that is reflected in turn in the kind of compactification of the extra dimension. In order to clarify our point, we consider one field propagating in one extra dimension and we assume that the extra dimension is compactified on a circle of radius R.
As a consequence the momentum in the compact dimension is quantized and is given by
where n is the Kaluza-Klein number which becomes a quantum number under a U(1) symmetry from the 4-dimensional perspective . The quantization of the extra dimensional momentum, implies that the momentum of the particle must be larger than R −1 that is the energy threshold for the observation of the Kaluza-Klein modes. It is important to mention that equation 2.2 means that the particle represented by the plane wave function can be seen from the 4-dimensional point of view as tower of n particles with mass difference given by
One important aspect of the compactification is related to the presence of boundary localized terms (BLT). These terms arise as a consequence of the boundary conditions imposed on the geometry of the inner space and also could be generated by radiative corrections. In this perspective the effect of BLT is loop suppressed and become important at loop level [17] . In general, it is consider that these terms vanish at the cut-off scale Λ that defines the minimal extra dimensional model.
However, for the orbifold compactification these terms are important and are localized in the two fixed points. The main consequence of including these terms is that they break the translational invariance and hence the momentum in five dimensions is not conserved anymore. Also these terms modify the Kaluza-Klein spectrum as well as the interactions among the particles. This kind of compactification is important to obtain chiral fermions in 4-dimensions from a 5-dimensional theory [32] . As aforementioned for the minimal model where only tree level is considered, the BLTs are not important. We would like to emphasize that we ignore BLTs in this paper because we assume a smooth internal manifold S 1 , a circle, in which there are no boundaries and also all the BLT effects are loop suppressed and we assume that these BLT vanish at the R −1 scale 2 .
2 For a recent discussion on the boundary localized terms from the collider and dark matter perspective in a different context of extra dimension we suggest [33, 34] .
For our purpose we consider one single extra dimension and also we assume that one singlet scalar field can propagate in the whole (4+1)-spacetime. We would like to stress that the main point of our work is to provide a dark matter candidate in a natural way without invoking any symmetry to stabilize the particle. We will see that the stabilization condition is fulfilled after integrating over the extra dimension. It seems that after compactification a U(1) symmetry remains to stabilize the first Kaluza-Klein particle that is our dark matter candidate.
The model
The model is composed of the SM particle content enlarged with a SM singlet real scalar, S, which can propagate through the extra dimensions. We assume that S does not have any apriori symmetry i.e. we consider the most general scalar potential that contains all possible terms allowed by the SM symmetries. The compactification of the extra dimension will generate the KK tower of S and their interactions described by an effective lagrangian in (3+1) dimensions.
The scalar sector in (4+1) dimensions
The scalar sector is composed by the real scalar S, which is the only field in the model that depends on the extra dimension y, and the SM higgs doublet H. From now on, the dependency on the usual (3+1)-dimensions is implicitly assumed. The langrangian of the scalar sector is divided into three parts:
where the terms stand for the lagrangian of the Higgs, the real singlet S(y), and their interactions, respectively.
The lagrangian for H is:
where in the unitary gauge:
The SM higgs vacuum expectation value is v 246 GeV and m D the mass term.
The lagrangian for S is: 3) where N runs over all (4+1) dimensions. The interaction lagrangian is:
For simplicity, we impose that S will not acquire vev. This condition is ensured with following relations: 5) allowing the electroweak symmetry breaking to occur in the same way as in the SM.
Also we include the condition: λ 4 < 3 to stay in the non-perturbative limit of the model.
The effective langrangian
The effective model in (3+1)-dimensions is obtained by integrating over the extra dimension.
The extra dimension is compact and described by a ring of radius R. Assuming periodic boundary condition: S(y) = S(y + 2πR), we can expand S(y) in fourier modes:
where S n and P n correspond to the KK modes of S(y). The term M 5 is a dimensional parameter used to preserve the correct dimensionality.
The effective lagrangian is simply obtained by:
where the effective lagrangian for L S (y) is then:
The KK modes, S n and P n , are degenerate in mass because they receive the same contribution from compactification:
where M KK = R −1 . Therefore, this allows us to describe them as a single complex scalar field:
reducing equation 3.8 to:
The couplings ω i are related with λ i via factors that come from the compatification. In this case:
The terms V 3 and V 4 come from the interaction terms of 3 and 4 fields (equation 3.3). For example, considering up to n = 2 KK modes, V 3 is: 12) and V 4 :
but V 3,4 can be calculated for an arbitary number of KK modes. We observe that a global U (1) symmetry with charges Q(χ n ) = n is present in the lagrangian. The lightest KK state, χ 1 , is stable and therefore it is the dark matter candidate.
The effective lagrangian for the interactions with the higgs field is:
where ω H = √ 2πRM 5 λ H and ω 2H = λ 2H . The term H † HS 0 produces a mixing between S 0 and h. The states in the gauge eigenstate basis can be written in term of the physical states
where α is the mixing angle. Moreover, the mass term for h and S 0 , and the coupling ω H will depend on the values of α and the masses of the physical states: We fix m H d = 125.9 GeV and | sin (α)| < 0.2 in order to fulfill Higgs observables.
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In this section, we briefly review the calculation of the relic density of a generic dark matter particle χ including coannihilation processes from KK particles. Such a situation occurs when there are particles nearly degenerate in the mass spectrum with χ (For example [35] ).
In this case the relic abundance of χ is determined by its self-annihilation cross section and also by annihilation processes involving heavier particles. We consider that χ was in thermal equilibrium in the early universe and also decoupled when it was non relativistic. To estimate the dark matter relic density we have to solve a set of Boltzmann equations which governs the evolution of the number density, n χ :
where H is the Hubble expansion rate, n eq is the number density at thermal equilibrium and σ eff v is the thermally averaged effective cross section for annihilation times the relative velocity. The effective annihilation cross section is given by:
where g i is the number of internal degrees of freedom of χ i , σ ij is the cross section for the reaction χ i χ j → SM, ∆ i = (m i − m 1 )/m 1 is the mass degeneracy parameter, m 1 is the mass of the first KK particle and all heavier particles have decayed into it, m i is the mass of the i-th KK particle with m i > m 1 , x = m 1 /T , T is the temperature and
is the effective number of degrees of freedom including high-order KK particles.
In the case of s-wave annihilation, i.e. σ eff v = σ eff , the relic abudance can be estimated by:
where x F is the freeze-out temperature (See [12] for details about the calculation of x F ), g counts the number of relativistic degrees of freedom at the freeze-out and M pl is the Planck mass. In the case of our model, cross sections and internal degrees of freedom are similar for every KK particle. Assuming that σ ij σ 0 δ ij and g i g , (4.5) Figure 1 . Enhancement factor σ 0 /σ A versus ξ KK . The black curve is the convergent limit of 4.6, the blue curve considers the sum up to 100 KK modes, and the red curve up to 10 KK modes. the effective cross section is then: 6) where the mass splitting between the DM and the i-th KK particles can be written in terms of ∆ 2 :
where ∆ 2 ranges between 0 and 1.
From 4.4 we can see that the relic abundance depends on a weighted average of the annihilation and coannihilation cross sections of all relevant particles and also depends on a mass degeneracy parameter ∆ 2 . In order to reproduce the correct value of relic abundance σ 0 should be:
where σ A is the annihilation cross section in the limit with no coannihilations (i.e. the canonical thermal WIMP cross section). This effect indirectly produces an enhancement into the annihilation cross section. In figure 1 , we present the ratio σ 0 /σ A in terms of ξ KK , where
is a better way to describe the mass splitting in our model. We note that the enhancement factor depends drastically on the amount of KK modes. Moreover, we show the cases where we truncate the sum in 4.6 including only up to 10 and 100 modes, and the limit n-large of Table 1 . Parameter scan ranges. The remaining parameters are calculated from this set.
f (x, ∆ 2 , n). For small values of ξ KK the truncation induces a fixed amount of enhancement.
In the case n-large, the enhancement factor grows continuously when ξ KK → 0. Current upper bounds from indirect detection searches are consistent with σv 10 −25 cm 3 /s. This implies n ∼ 10 modes or mass splitting of ξ KK > 10 −3 .
Results
In this section we discuss the main results. We implement the model using the public codes:
LanHEP [36] and MicrOmegas [37] . Due to technical limitations we consider up to n = 10 KK modes. We perform a scan of the parameter space searching for regions with the correct DM relic abundance [38] :
and for SM higgs consistent phenomenology [39] :
as a basic set of constraints. We can safely use 5.2 in our analysis because sin α is rather small. This implies that H d is mainly composed of stardard model Higgs H [40] . In addition,
we scan on the effective couplings ω i avoiding regions with non-perturbative processes. The numerical range for each parameter are shown in Table 1 where the rest of the parameters of the model are calculated using these. The mass of the lightest KK particle can be written in terms of some input parameters resulting:
where the scanned DM mass is in the range between √ 2 and 10 7 GeV. Also it is important to remark that the DM mass receives contributions from the mass of the doublet In Figure 2 , we show the annihilation cross section and the spin independent cross section versus the DM mass m S 1 for a scan of the models' parameter space. The color bar indicates the value of ξ KK where for lower values there is an enhancement of both cross sections due to coannihilations (as in [41, 42] ). On the other hand, when ξ KK is large most of the points fall close to the predictions of the inert singlet DM model [43] . Some spread along the inert singlet DM model line is due to that in the limit of large ξ KK the model is the inert DM model with an extra singlet that mixes with the SM higgs.
Current bounds from gamma-rays observatories are shown for comparison. We notice that the enhancement due to coannihilations produces points that are just below some of the bounds. This effect makes the model testable in the near future when updated bounds will be released.
In the case of direct detection, the effect of coannihiliations also enhances the spin independent cross section for DM masses larger than 70 GeV. On the other hand, the spin independent cross section is also enhanced when the S 0 is very light. This is of special interest for explaining DAMA/LIBRA results [26] .
We analyze the case in which we scan on the DM mass keeping m Hs fixed. This is shown in Figure 3 where we consider 5 fixed values of m Hs to calculate the annihilation cross section and the spin independent cross section. As was explained before, small values of Figure 4 shows the dependence in terms of ξ KK of both the annihilation cross section and the spin independent cross section. Similar behavior is present in both cross sections for lower values of ξ KK . For ξ KK < 10 −2 , i.e. mass splitting of the order of 1% of the DM mass, each cross section starts to converge to a common value: σ SI 10 −44 cm 2 and σv 2 × 10 −25 cm 3 /s. In fact, this is compatible with the effect of coannihilations discussed in the previous section. We also confront the enhancement factor σ 0 /σ A with the scan results.
We observe that the curve for n = 10 is fully compatible with our results.
Including LUX bounds: The LUX collaboration [23] has set one of the strongest bounds for the WIMP-nucleon cross section. In figure 5 , we present a scan that includes the constraints from LUX experiment. As is expected, these bounds have enormous impact on the region allowed by cosmology and higgs width. Also, as we can see from figure 5 the allowed region for spin independent cross section is significantly reduced. We highlight that the indirect detection signal still presents an enhancement due to coannihilations after imposing .
LUX constraints. Compared to the inert DM model, our model produces an increased signal for DM masses larger than 100 GeV. This feature allows to test it in current gamma-rays observatories like FERMI-LAT and the Cerenkov Telescope Array (CTA) [44] . Compared with the inert higgs DM model, our model can be probed in the near future by newer analyses of LUX or XENON1T [45] .
In Figure 6 , we show the plane ξ KK vs DM mass including the annihilation cross section and M KK both in color scale. Here, we observe that points with σv > 3 × 10 −26 cm 3 s −1 are in the range: 150 GeV m S 1 10 TeV. These points also satisfies that M KK 10 2 GeV.
The LUX constraints appeared as an empty zone in 80 GeV m S 1 700 GeV. 
Conclusions
The origin of Dark Matter is still puzzling the scientific community. In this work, we study a DM model inspired by extra dimension theories. The DM candidate is the lightest KK particle that emerges from the compactification of a SM singlet real scalar existing in the (4+1) dimensions. We obtain the effective model at (3+1) dimensions by integrating over the extra dimension, and then we calculate the indirect and direct detection cross section requiring correct value for DM relic abundance and SM higgs phenomenology.
The model contains nice features which allow us to study the effect of coannihilations when several particles are quasi degenerate. We found that for a degenerate mass spectrum both annihilation and spin independent cross section converge to fixed values which are larger than for canonical WIMPs. We consider up to 10 KK modes in our analysis. In the case of the annihilation cross section, it converges to a value of 2 × 10 −25 cm 3 /s. This enhancement in the cross section is translated to a mass splitting among the KK particles smaller than 100 GeV. For larger mass splittings, the model converges to the predictions of the inert scalar DM model. vs DM mass excluding points that do not satisfy latest LUX bounds [23] . We would like to point out that because of the presence of coannihilations, as we can see from our results, for small ξ KK the size of indirect and direct detection signal provides a test for the model in the near future. In principle, it may be proved by confronting it with new data from FERMI-LAT, LUX or XENON1T.
